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CAVITATION DAMAGE PAPER FOR CAMBRIDGE DISCUSSION 

"DAMAGE TO SOLIDS CAUSED BY CAVITATION" 

I. INTRODUCTION 

T h i s  c a v i t a t i o n  s e s s i o n  covers  t h e  f u l l  range of c a v i t a -  

t i o n  damage from t h e o r e t i c a l  bubble dynamics t o  P r a c t i c a l  A s -  

p e c t s  of  C a v i t a t i o n .  My p o s i t i o n  i n  t h e  program and g e n e r a l  

assignment of  t o p i c  be ing  midway between these extremes,  I w i l l  

cons ide r  t h e  p r e s e n t  s t a t e  of r e sea rch  aimed toward p r e d i c t i n g  

cumulat ive damage o r  ra te  of damage f o r  a given  p ro to type  flow 

s i t u a t i o n  from l a b o r a t o r y  experiments o r ,  b e t t e r  y e t ,  b a s i c  

t heo ry .  I n  s p i t e  o f  much e f f o r t  ove r  t h e  y e a r s ,  n e i t h e r  of 

t h e s e  o b j e c t i v e s  has  been a t t a i n e d ,  or appears  e a s i l y  a t t a i n -  

a b l e .  Although t h e  former is d i f f i c u l t ,  t h e  l a t t e r  is more so,  

and h a s  been d i scussed  a l r eady  today. Hence, I w i l l  res t r ic t  

myself to problems a r i s i n g  from l abora to ry  experiments ,  and w i l l  

cover  what I c o n s i d e r  some of the  more s i g n i f i c a n t  f a c t s  and 

hypotheses  which have been e s t a b l i s h e d ,  and some of t h e  pecu- 

l i a r i t i e s  which have become evident  from v a r i o u s  l abora to ry  

test  r e s u l t s .  I w i l l ,  no doubt ,  t end  t o  emphasize ou r  own ob- 

s e r v a t i o n s  over  t h e  l a s t  s e v e r a l  y e a r s ,  s i n c e  I am m o s t  fam- 

i l i a r  w i t h  t h e s e .  However, I am becoming convinced t h a t  

c a v i t a t i o n  is a phenomenon having many f a c e t s ,  v a r i o u s  of which 

t e n d  t o  become emphasized depending upon t h e  type  of f a c i l i t y  

and test one is observ ing .  

The l a b o r a t o r y  wi th  which I a m  a s s o c i a t e d  a t  The Univer- 

s i t y  of Michigan has  been engaged i n  c a v i t a t i o n  damage r e s e a r c h  
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f o r  about f i v e  y e a r s .  The equipment i n  use  i n c l u d e s  two s m a l l ,  

high-speed, t unne l -ven tu r i  f a c i l i t i e s ,  one u s i n g  water  and one 

mercury, and a 20 kc  v i b r a t o r y  u n i t  which h a s  been ope ra t ed  
( 1 , 2 )  w i th  water ,  mercury, and lead-bismuth a l l o y .  

We have f e l t  t h a t  t h e  major o b j e c t i v e  of such r e sea rch  was 

t o  a t t a i n  a p o s i t i o n  whereby an a p r i o r i  p r e d i c t i o n  of t h e  dam- 

age  t o  be expec ted  i n  a p ro to type  f a c i l i t y  would be f eas ib l e .  

We feel  t h a t  t h i s  can best be accomplished u s i n g  a flowing-sys- 

t e m ,  wherein t h e  conven t iona l  f lu id- f low parameters  of p r e s s u r e ,  

v e l o c i t y ,  and tempera ture  can be measured, and have a meaning 

s imi l a r  t o  t h a t  i n  a p ro to type  machine a s  a pump, t u r b i n e ,  e t c .  

The f lowing  system should p r e s e n t  a s  simple a flow-regime a s  

p o s s i b l e  so t h a t  r e s u l t s  can be i n t e r p r e t e d  w i t h  some genera l -  

i t y ,  and its o p e r a t i o n  should  be f e a s i b l e  o v e r  a broad range  of 

f l u i d s ,  t empera tu res ,  and v e l o c i t i e s .  As a good compromise 

amongst t h e  v a r i o u s  a l t e r n a t i v e s ,  w e  selected a v e n t u r i .  Dam- 

age test  specimens could  t h e n  be i n s e r t e d  i n t o  t h e  c a v i t a t i n g  

r e g i o n .  

We also have c o n s t r u c t e d  a v i b r a t o r y  f a c i l i t y  p r i m a r i l y  

f o r  t e s t i n g  w i t h  f l u i d s  and/or tempera tures  u n a t t a i n a b l e  w i t h  

t h e  t u n n e l  f a c i l i t i e s .  S ince  t h e  v i b r a t o r y  f a c i l i t y  d i f f e r s  so 

g r e a t l y  i n  its flow regime from o rd ina ry  f lu id -hand l ing  machines, 

i t  is d i f f i c u l t  t o  use  d a t a  f r o m  such a f a c i l i t y  f o r  p r e d i c t i n g  

damage i n  a f lowing  system, f o r  given tempera ture ,  p r e s s u r e ,  

v e l o c i t y ,  geometry, e tc .  However, such d a t a  can be used advan- 

t ageous ly  t o  compare damage between d i f f e r e n t  m a t e r i a l - f l u i d  
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combinat ions a t  a g iven  temperature .  A broad comparison'be- 

tween t h e s e  two wide ly -d i f f e r ing  dev ices  w i l l  hope fu l ly  be a t -  

t a i n e d  s i n c e  t h e  same m a t e r i a l s ,  f l u i d s ,  and tempera tures  a r e  

be ing  used i n  numerous cases .  However, t h e  p r e s e n t  paper is 

concerned mainly wi th  t h e  v e n t u r i  dev ices ,  s i n c e  these a r e  

more c l o s e l y  r e l a t e d  t o  flow machinery. 

11. SIGNIFICANT FACTS A N D  HYPOTHESES REGARDING CAVITATION 

DAMAGE I N  FLOWING SYSTEMS 

A .  General  

From o u r  own work over  t h e  p a s t  s e v e r a l  y e a r s ,  v a r i o u s  

p o i n t s  have come t o  seem s i g n i f i c a n t  t o  us ,  regard ing  t h e  na- 

t u r e  of c a v i t a t i o n  damage, a t  l e a s t  i n  a v e n t u r i ,  and presum- 

a b l y  a l s o  i n  other f lowing systems. F ig .  1 shows t h e  b a s i c  

des igns  of  c a v i t a t i n g  v e n t u r i s  w e  have used.  They have d i f -  

f e r e d  o n l y  i n  t h e  c i r c u m f e r e n t i a l  arrangement of damage spec i -  

mens, and i n  t h e  m a t e r i a l  of cons t ruc t ion ,  i . e . ,  P l e x i g l a s  and 

s t a i n l e s s  s tee l .  

B. Single-Event P i t t i n g  

1. I n  t h e  e a r l y  phases  of damage w e  observed two t y p e s  

of p i t t i n g ,  i n t e r p r e t e d  a s  fol lows:  

(a )  "Crater" p i t s * ,  which ,  because of t h e i r  symmetry 

* Among t h e  e a r l i e r  publ i shed  obse rva t ions  of such p i t s  a r e  

596,  
those by Knapp i n  a water  tunnel3 and i n  a h y d r a u l i c  t u r b i n e  
p a ~ s a g e . ~  More r e c e n t l y ,  i n  a d d i t i o n  t o  o u r  own obs r v a t i o n s  , 
a s i m i l a r  type  of p i t t i n g  has  been r e p o r t e d  by Varga' on l e a d  
i n  a t u n n e l  t e s t ,  and by Wood on s t a i n l e s s  steel  i n  a c e n t r i -  
f u g a l  pump. 
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FIGURE 1: Drawing of Damage T e s t  Venturis  Showing Nominal Flow Passage, 
Location and Di f f erent  Geometry of Specimen I n s e r t i o n s ,  Speci-  
men Holders,  Cav i ta t ion  Termination P o i n t s ,  and Spceimen 
Dimens ions 
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and g e n e r a l  appearance,  a r e  presumably formed by a s i n g l e  

bubble implosion.  The t r a d i t i o n a l  mechanism f o r  t h e  impo- 

s i t i o n  of damaging f o r c e s  on such a s u r f a c e  is through 

t h e  r a d i a t i o n  of shock waves from a bubble c o l l a p s e  and/or 

subsequent rebound. A competing mechanism which has  been 

sugges ted  ',lo is t h a t  of t h e  impact of a l i q u i d  j e t  formed 

dur ing  t h e  c o l l a p s e .  However, t h e  p r e s e n t  obse rva t ions  

cannot a s s i s t  i n  t h e  choice between t h e s e  o r  o t h e r  mechan- 

i s m s .  

(b) Local f a t i g u e  f a i l u r e ,  i . e . ,  i r r egu la r ly - shaped  

shal low p i t s ,  presumably caused by r epea ted  load ings  from 

less e n e r g e t i c  bubbles .  These a r e  presumed t o  be a l s o  

s ing le -even t  f a i l u r e s ,  s i n c e  t h e  s i z e  and shape of t h e  

p i t s  do n o t  change w i t h  subsequent t e s t i n g .  

F ig .  2 and 3 comprise t w o  series of photomicro- 

graphs showing both "c ra t e r "  and "fat igue-type" p i t s  a f t e r  

an i n i t i a l  test  

a b l e  a d d i t i o n a l  

nor  t h e i r  depth 

5 * 
der" t r a c i n g s  

d u r a t i o n ,  and then  a g a i n  a f t e r  consider-  

t e s t i n g .  The f a c t  t h a t  n e i t h e r  t h e i r  shape 

p r o f i l e  (as shown by d e t a i l e d  "prof icor- 

change during a d d i t i o n a l  t e s t i n g ,  is t aken  

as s t r o n g  evidence t h a t  these p i t s  a r e  indeed "s ingle-event"  

f a i l u r e s  . 

* "Linear  prof  icorder", Micrometrical  Div is ion ,  The Bendix Cor- 
p o r a t i o n ,  Ann Arbor, Michigan 
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FIGURE 2. Development of Cav i t a t ion  Damage a t  Two 
Locations on 302 S t a i n l e s s  Steel  Specimen 
wi th  Water,(a) 15 h r s ,  ( b )  30 h r s .  



( b )  
F IGURE 3. Development of Cavitation Damage at Two 

Locations on 302 Stainless Steel Specimen 
w i t h  Water, (a) 150 hrs, ( b )  150 hrs. 
Same Locations as shown in Fig,ure 2. 
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The "cra te r - type"  p i t s  caused ( i n  most of t h e  

c a s e s  which were examined) by room tempera ture  water  on 

s t a i n l e s s  s tee l ,  t y p i c a l l y  had a dep th  to  diameter  r a t i o  

between 15 and 40. However, F ig .  4 shows a microsec- 

t i o n  of a c r a t e r  i ncu r red  i n  Cb-1Zr a l l o y  by room temper- 

a t u r e  mercury w i t h  depth t o  d i a m e t e r  r a t i o  of about 4 ,  

showing t h e  e f f e c t  of  a poss ib ly  l a r g e r  f o r c e  impos i t ion  

on a somewhat weaker m a t e r i a l .  Also, c r a t e r - t y p e  p i t s  of 

a l a r g e  depth t o  diameter  r a t i o  have r e c e n t l y  been ob- 

served  on s t a i n l e s s  s teel  i n  a c e n t r i f u g a l  pump test  i n  a 

high-temperature a l k a l i  me ta l  .8 Assuming t h a t  t h e  f o r c e s  

from such a l k a l i  meta l  and from room-temperature water  may 

be roughly s i m i l a r ,  bu t  t h a t  t h e  mechanical p r o p e r t i e s  of 

t h e  s t a i n l e s s  s t ee l  a r e  cons iderably  reduced a t  e l e v a t e d  

tempera ture ,  t h e s e  obse rva t ions  may not be i n c o n s i s t e n t .  

Hence i t  may be reasonable  t o  expect  t h a t  t h e  depth t o  

d iameter  r a t i o  w i l l  be a func t ion  of t h e  f l u i d ,  m a t e r i a l ,  

and flow c o n d i t i o n s ,  

In  t h e  v e n t u r i  tests,  it h a s  g e n e r a l l y  been ob- 

se rved  t h a t  a r i d g e  is r a i s e d  around t h e  c r a t e r s ,  of a con- 

s i d e r a b l y  sma l l e r  he igh t  than  t h e  c r a t e r  dep th ,  and, i n  

t h e  g r e a t  m a j o r i t y  of cases observed (about 90 p e r c e n t ) ,  

predominently on t h e  downstream side of t h e  c r a t e r .  F ig .  

5 is a p r o f i c o r d e r  t r a c e  of such a c r a t e r .  The explana- 

t i o n  f o r  t h i s  non-symmetry of t h e  r i d g e  is n o t  known a t  

p r e s e n t ,  bu t  t h e  very e x i s t e n c e  of a r i d g e  sugges t s  t h a t  

t h e  c r a t e r s  a r e  formed by s ingle-bubble  implosions.  
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FIGURE 4: Microsection Through Cavitation Pit, (Shown in Figure 8) for 
"Nose" Cavitation in Mercury at a Throat Velocity of 48 feet/ 
second, Duration 50 Hours. Material is Columbium-1% Zirconium. 
Etched. Magnification - lOOOX 
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Fig .  6 shows a r e l a t i v e l y  l a r g e  c r a t e r ,  a s  w e l l  

a s  numerous s m a l l e r  p i t s  of both t y p e s ,  formed i n  s t a i n -  

less steel  by c a v i t a t i n g  mercury i n  one of  t h e  passages  

of t h e  c e n t r i f u g a l  pump used t o  d r i v e  t h e  mercury loop. 

Th i s ,  and t h e  p rev ious ly  c i t e d  o b s e r v a t i o n s  by Knapp 4 

8 and Wood i n d i c a t e  a t  l e a s t  some s i m i l a r i t y  between t h e  

c a v i t a t i o n  phenomenon a s  observed i n  t h e  v e n t u r i  and as 

it occur s  i n  turbomachinery.  

The d e t a i l e d  o b s e r v a t i o n s  of p i t t i n g  from t h e  

v e n t u r i  tests sugges t  t h a t  t h e  p i t t i n g  is l o c a l l y  random, 

and t h a t  i n  t h e  e a r l y  phases  of damage, t h e  e x i s t e n c e  of 

a l r eady  i n c u r r e d  damage does not  a f f e c t  t h e  l o c a t i o n  of 

new p i t s .  Fig.  7 ,  showing t y p i c a l  p i t t i n g  by mercury on 

s t a i n l e s s  s tee l ,  i n d i c a t e s  t h i s  p o i n t .  However, a s  shown 

by Fig. 8 ,  i f  p i t s  a r e  l a r g e  enough, t hey  a r e  capable  of 

caus ing  l o c a l i z e d  c a v i t a t i o n ,  and hence, a damage "wake". 

In  a d d i t i o n  t h e  size of  p i t s  appea r s  to  be ran- 

dom, ranging  from r e l a t i v e l y  l a r g e  p i t s  (up t o  about 50 

m i l s ,  F ig .  6 )  down t o  ve ry  smal l  p i t s .  The number den- 

s i t y  of p i t s  i n c r e a s e s ,  a s  f a r  a s  o u r  o b s e r v a t i o n s  a r e  

concerned, wi thout  l i m i t  a s  t h e  s ize  dec reases .  These 

f a c t s  suggested5 a bubble energy spectrum 

where t h e  o r d i n a t e  is t h e  number of bubbles ,  n(E) ,  from 

* 
(Fig.  9 ) ,  

t h o s e  " i n  t h e  v i c i n i t y "  of t h e  damage specimen which  de- 

l i v e r ,  upon t h e i r  c o l l a p s e ,  an energy quantum, E, t o  t h e  

* As po in ted  o u t  by A .  Thiruvengadam i n  h i s  d i s c u s s i o n  of refer- 
ence 5, t h e r e  is a l s o  a spectrum of energy absorbed by t h e  mate- 
r i a l ,  which may of course  d i f f e r  from t h e  spectrum of energy 
d e l i v e r e d  by t h e  bubbles .  
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FIGURE 6: Cavitation Damage on Back Shroud of ltvo Piece Impeller After 
596 Hours Exposure to Cavitating Flow in Mercury Magnification 
6X 
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FIGURE 7:  Typical  Cavitat ion P i t t i n g  from "Vis ib le  In i t ia t ion**  Cavitat ion ~~ 

i n  Mercury a t  a Throat Veloc i ty  of 34 feet /second a t  a Duration 
of 57 Hours. 
f i c a t i o n ;  120X 

Sample N o .  50-3, Material;  S t a i n l e s s  S t e e l ,  Magni- 

FIGURE 8: Cavi tat ion P i t t i n g  i n  Columbium-1% Zirconium After 50 Hours Ex- 
posure to  *'Nose** Cavitat ion i n  Mercury a t  a Throat Ve loc i ty  of 
48 feet /second.  Magnification 120X 
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FIRST MARK CAVITATION 
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VISIBLE INITIATION 
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E- 1444 

FIGURE 9: Hypothesized Bubble Energy Spectra for Various Cav i ta t ion  Condi- 
t i o n s  a t  a Constant V e l o c i t y  for a G i v e n Y a t e r i a l  
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s u r f a c e .  A s  i n d i c a t e d  by F ig .  9, f o r  t h e  p a r t i c u l a r  c a s e  

of a c a v i t a t i n g  v e n t u r i ,  t h e  number o f  bubbles  w i l l  in -  

c r e a s e  a s  t h e  "degree of c a v i t a t i o n "  is inc reased  bu t  
* 

t h e i r  mean energy,  and hence  c a p a b i l i t y  of caus ing  dam- 

age,  w i l l  dec rease .  A hypothesized t h r e s h o l d  damage en- 

e rgy  f o r  a g iven  m a t e r i a l  is shown on t h e  f i g u r e .  

The randomness of t h e  p i t t i n g  is taken  f u r t h e r  

t o  i n d i c a t e  t h a t  no " incubat ion per iod"  e x i s t s  f o r  c r a t e r -  

type  p i t s ,  i f  t h e  method of obse rva t ion  is s u f f i c i e n t l y  

p r e c i s e ,  i . e . ,  c r a t e r s  a r e  a s  l i k e l y  t o  occur  i n  t h e  f i r s t  

i n s t a n t  of t e s t i n g  a s  i n  any o t h e r ,  and no precondi t ion-  

i n g  of  t h e  s u r f a c e  is requ i r ed  fo r  such p i t s .  Th i s  has  

been v e r i f i e d  not  on ly  by t h e  p i t t i n g  obse rva t ions ,  bu t  

a l s o  by t h e  u s e  of an i r r a d i a t e d  t es t  specimen , which  

showed a weight loss s t a r t i n g  from e s s e n t i a l l y  zero t i m e  

(F ig .  1 0 ) .  In a d d i t i o n  ou r  d e t a i l e d  s u r f a c e  measurements 

i n d i c a t e  t h a t  m a t e r i a l  is indeed removed from c r a t e r - p i t s .  

11 

12 

P o s s i b l e  mechanisms, t y p i c a l l y  cons idered  f o r  removal o f  
13 ,14  

m a t e r i a l  by l i q u i d  impact a r e  m e t a l l i c  "splash" due 

t o  t h e  h igh ly  t r a n s i e n t  na tu re  of t h e  s u r f a c e  loading ,  o r  

"wash-out" due t o  high t r a n s v e r s e  v e l o c i t i e s .  

The fa t igue- type  p i t s  do sugges t  an " incubat ion  

per iod" ,  bu t  on ly  f o r  t h a t  s p e c i f i c  mechanism. Thus f o r  

a s y s t e m  where t h i s  phenomena was predominant, an incuba- 

* The l a b e l i n g  of t h e  curves  is a s  exp la ined  i n  r e f .  5, but  gen- 
e r a l l y  shows an i n c r e a s e  i n  t h e  e x t e n t  of t h e  c a v i t a t i n g  r eg ion  
a s  one moves away f r o m  t h e  "sonic  i n i t i a t i o n "  and " v i s i b l e  i n -  
i a t  ion" curves .  
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t i o n  pe r iod  could poss ib ly  e x i s t .  

C. Rate  of C a v i t a t i o n  Damage -- 
The v e n t u r i  tests i n d i c a t e  a h i g h l y  time-dependent r a t e  of 

damage5p6. 

fol lowed by a cons iderably  decreased r a t e ,  b u t  t h e n  i n c r e a s i n g  

a g a i n  t o  subsequent peaks i n  t h e  r a t e  v s .  t i m e  curve .  T h i s  be- 

h a v i o r  is i n d i c a t e d  by t h e  sketched ra te  cu rves  of Table  I for  

numerous samples t e s t e d  in mercury15 a s  w e l l  a s  by t h e  pre-  

v i o u s l y  mentioned i r r a d i a t e d  specimen curve", and by F ig .  11 

from ( r e f e r e n c e  6 ) .  We a s c r i b e  t h e  e a r l y  r a t e  peak t o  s u r f a c e  

imper fec t ions ,  i n c l u s i o n s ,  o r  o the r  "weak-spots", rather t h a n  

t o  f l u i d  dynamic e f f e c t s .  However, w e  f e e l  t h e  l a t e r  non-lin- 

e a r i t i e s  a r e  p r i m a r i l y  due t o  t h e  p e r t u r b a t i o n s  of t h e  l o c a l  

f low p a t t e r n  by t h e  roughened s u r f a c e ,  and t o  a lesser e x t e n t  

t o  changes i n  t h e  s u r f a c e  micro-s t ruc ture  due t o  work-harden- 

i n g ,  e tc .  We have observed such an i n c r e a s e  i n  micro-hardness 

i n  some work-hardenable m a t e r i a l s ,  a s  may a l s o  have been ob- 

se rved  elsewhere. I d e a l l y  t h e n ,  a c h a r a c t e r i s t i c  damage-rate 

curve  f o r  a g iven  type  of f a c i l i t y  and flow cond i t ion ,  depend- 

ing  on ly  on t h e  s t a t e  of damage a l r eady  accrued,  would be ex- 

pec ted ,  assuming t h a t  i d e a l l y  a l l  m a t e r i a l s  "damaged" i n  such 

a way t h a t  f l o w  p e r t u r b a t i o n s  and s u r f a c e  p rope r ty  changes 

would be s i m i l a r .  Ac tua l ly ,  however, t h i s  s i m p l i f i e d  model 

does  not appear t o  be r e a l i s t i c .  

Almost uniformly a high i n i t i a l  r a t e  is observed 

D. S e n s i t i v i t y  - t o  Minor System V a r i a t i o n s  
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TABLE 1 

MEAN DEPTP OF PENETRATION FOR SPECIMENS AT 
SELECTED DURATIONS FOR MERCURY 

Vel. Sketch 
Spec.  Hg f t /  Cav. MDP A f t e r  X Hours O f  Rate 
No. Mat ' l .  Cond. sec Cond. 50 100 200 500 800 Curve 
1-3  

2 -3  

11-3 

12-3 

53-3 

55-3 

4 9 - 3  

50-3  

84 -3  

99-3  

63 -3  

64-3  

107 -3 

113 -3 

6 4 - 1  

65-1 

22 

23  

6 - 3  
7 -3  

47 -3  
4 8 - 3  
7 1 -3  

7 8 - 3  

ss Cold 24 S t d .  55 7 0  145 

65 8 5  180 

-Wet 
II 1 1  I 1  II 

'I 34  Zero 0 

0 

O( 10 h r )  

O(  10 h r )  

II 

II I 1  II I 1  

II II II II 

II II II I 1  

11  V i s .  3 6  I 1  

II 2 3 . 5  

3 .5 ( 2 5  h r )  

0 . 5 ( 2 5  h r )  

II 11 II 

II II 1 1  II 

1 1  II I 1  II 

Nose 4 5  

6 6  

0 . 4 ( 2 5  h r )  

3 ( 2 5  h r )  

II II 

II I 1  I t  II 

II II II I 1  

II II 1 1  I 1  

I' 130 300 

80 280 

42 

67 

ss S t d .  55 

55 
40 100 130 650 730  
60 150 180 530 600 

II I 1  cs 
II 1 1  II 1 1  

1 1  1 1  1 1  CbZr 
II I 1  II 11 

II 

II II II II 

II II 1 1  II 

II II I 1  II 

II I t  II 11 17 (10 h r )  
II 78 II II 1 1  

II 47 

36 

47 

112-3  1 1  II 1 1  

1 1  II II II 81-3  
82 -3 1 1  II II 

87 -3 Dry- I t  

II 

II II 3 .O 
Co I d  

L 

h 
I 
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In conformity w i t h  my impressions of o p e r a t i n g  expe r i ence  

i n  p r o t o t y p e  machinery, w e  have found t h a t  t h e  rate of  c a v i t a -  

t i o n  damage for  a g iven  f low sys tem,  geometry, f l u i d - m a t e r i a l  

combination, tempera ture ,  v e l o c i t y ,  and o v e r a l l  "degree' of cav- 

i t a t i o n "  can be changed by an o rde r  of magnitude by a p p a r e n t l y  

minor s y s t e m  v a r i a t i o n s .  Our i n v e s t i g a t i o n s  i n  t h i s  r e s p e c t  

a r e  not  complete.  However, among t h e  v a r i a t i o n s  which w e  f i n d  

can have a s i g n i f i c a n t ,  e f f e c t  i n  our  own f a c i l i t y  a r e  t h e  fol-  

lowing : 

1. O r i e n t a t i o n  and Number of T e s t  Specimens: Fig.  1 

shows t h e  t h r e e  tes t  specimen o r i e n t a t i o n s  which have been used.  

Of t h e  three, t w o  a r e  symmetrical  and t h e  t h i r d  is n o t .  How- 

e v e r ,  non-symmetrical p i t t i n g  d i s t r i b u t i o n s  have been noted , 
wherein t h e  flow h a s  appeared t o  cross a side-edge of t h e  spec i -  

mens, coming from t h e  r e l a t i v e l y  restricted reg ion  between t h e  

specimens (120' s e p a r a t i o n  side). T h i s  is c l e a r l y  i l l u s t r a t e d  

i n  Fig.  12,  e . g . ,  wherein it appears  t h a t  t h e  damaging c a v i t a -  

t i o n  is t h a t  t r i g g e r e d  by the  flow c r o s s i n g  t h e  s h a r p  edge of 

t h e  specimen, r a t h e r  than  t h e  gene ra l  c a v i t a t i o n  c loud .  

- _.- 

6 

D e t a i l e d  p r e s s u r e  measurements made along t h e  p o l i s h e d  
15,16 f a c e  of a test specimen i n d i c a t e  a s t r o n g  dependence of 

t h e  specimens. 

age o c c u r s  i n  t h e  r e g i o n s  wherein s u b s t a n t i a l  p r e s s u r e  recovery 

from t h e  minimum around t h e  nuc lea t ion  r eg ion  h a s  a l r e a d y  oc- 

Since it h a s  been observed6 t h a t  t h e  most dam- 



a 

b 

FIGURE 12. CAVITATED SURFACE OF STAINLESS STEEL SPECIMEN NUMBER 84-3 FOR "VISIBLE INI- 
TIATION" CAVITATION CONDITION IN MERCURY A T  A THROAT VELOCITY O F  34 FEET/SECOND. 

(a) 6 hours  duration, (b) 15 hours  duration. 

Page 2 1  
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cur red  , and s i n c e  t h e  sha rpness  and l o c a t i o n  of t h e  p r e s s u r e  

g r a d i e n t  is a f u n c t i o n  of t h e  specimen arrangement,  i t  would 

be expec ted  t h a t  t h e  specimen arrangement m i g h t  s u b s t a n t i a l l y  

a f f e c t  t h e  damage r a t e .  

2. F l u i d  P u r i t y :  I t  has  long been recognized t h a t  r e l a -  

t i v e l y  l a r g e  q u a n t i t i e s  of e n t r a i n e d  g a s  may w e l l  s u b s t a n t i a l -  

l y  reduce c a v i t a t i o n  damage. I t  is i n d i c a t e d  by t h e  p r e s e n t  

tests t h a t  sma l l  q u a n t i t i e s  of water  i n  mercury may i n c r e a s e  

damage s i g n i f i c a n t l y  (even t o  r e l a t i v e l y  non-corrodible mate- 

r i a l s  such a s  s t a i n l e s s  s teel) ,  whereas l a r g e r  q u a n t i t i e s  of  

water  may w e l l  reduce it. The very p re l imina ry  d a t a  of Fig.  13 

i n d i c a t e s  a maximum damage c a p a b i l i t y  a t  ,about 1500 ppm of water 

i n  mercury. The e f f e c t  of sma l l  q u a n t i t i e s  of water  is pre- 

sumed t o  be through t h e  competing mechanisms of i n c r e a s i n g  t h e  

e f f e c t i v e  vapor  p r e s s u r e  of t h e  f l u i d ,  and t h u s  prohot ing  growth 

and n u c l e a t i o n ,  w h i l e  a t  t h e  same t i m e  perhaps cushioning t h e  

I 

c o l l a p s e .  I t  is b e l i e v e d  t h a t  t h e  e f f e c t s  of sma l l  q u a n t i t i e s  

Of g a s  may be somewhat s i m i l a r .  A dec rease  i n  damage w i t h  in- 

creased d i s s o l v e d  g a s  has been shown for  a v i b r a t o r y  test  , bu t  

I know of no f u r t h e r  d a t a  regard ing  t h i s  e f f e c t .  

17 

3. Ventu r i  Roughness: For some of t h e  t es t s ,  P l e x i g l a s  

v e n t u r i s  have been used. While it  h a s  been found t h a t  these 

a r e  q u i t e  damage-resis tent  i n  water ,  they  damage r a p i d l y  i n  

mercury, and r ece ived  p i t t i n g  on t h e  order of 1/16" i n  depth 

* E l e c t r i c a l  conduc t iv i ty  measurements through a microprobe in- 
d icate  t h a t  t h e  f l u i d  is e s s e n t i a l l y  100% (volume-time mean) 
l i q u i d  a t  these damaged po in t s .  
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nea r  t h e  t e rmina t ion  o f  t h e  c a v i t a t i o n  r eg ion ,  i . e . ,  j u s t  down- 

stream of  t h e  tes t  specimens. It appea r s  t h a t  damage r a t e s  

a r e  cons iderably  g r e a t e r  i n  such damaged v e n t u r i s ,  l ead ing  t o  

t h e  s u s p i c i o n  t h a t  s t rong  v o r t i c e s  must be formed near  t h e  

t r a i l i n g  edges of t h e  tes t  specimens, and t h a t  t h e s e  cause  con- 

s i d e r a b l e  damage t o  t h e  specimens. Examination of some of t h e  

nore heavily-damaged specimens (Fig. l e ) ,  where t h e  damage ap- 

p e a r s  concen t r a t ed  around t h e  t r a i l i n g - e d g e  (which has  a c t u a l -  

l y  been reduced s u b s t a n t i a l l y  i n  l eng th )  t e n d s  t o  confirm t h i s  

belief.  

4 .  Type of Specimen: I n  some tes ts ,  a sma l l  pin- type -- 
specimen, p o s i t i o n e d  across t h e  s t ream and wi th  a x i s  normal t o  

t h e  flow, has  been used i n  p l a c e  of t h e  "p l a t e "  specimens (Fig.  

1 )  a t  approximately t h e  same l o c a t i o n  i n  t h e  d i f f u s e r .  The flow 

c o n d i t i o n s  have been a d j u s t e d  so t h a t  t h e  c a v i t a t i o n  r e g i o n  ter- 

mina tes  around t h e  downstream half  of t h e  p i n .  Severe c a v i t a -  

t i n g  v o r t i c e s  a r e  t h u s  created ad jacen t  t o  t h e  p i n ,  and caused 

t o  c o l l a p s e  nearby by t h e  s t r o n g  a x i a l  p r e s s u r e  g r a d i e n t  caused 

by t h e  v e n t u r i  d i f f u s e r .  While t h i s  is a r a t h e r  s eve re  "sys- 

t e m  v a r i a t i o n "  (from t h e  p l a t e  specimens),  i t  causes  an i n c r e a s e  

of damage r a t e  of t h e  o r d e r  of 300. Fig .  15  is a micro-sect ion 

through one of t h e  p i n s  i n  which  a h o l e  was eroded i n  t h e  20 

m i l  w a l l  i n  a 5 hour  test i n  mercury. 

Somewhat s i m i l a r  damage tes ts  have been p rev ious ly  re- 

p o r t e d  ',18 i n  which damage was observed noton t h e  p i n ,  bu t  on 

lead p l a t e s  imbedded downstream i n  t h e  w a l l s  of a water  tunnel  

test  sect i o n .  
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'IGURE 14: Back S i d e ,  Po l i shed  Surface and Front S ide  of Specimen N o .  48-3 
(SS) a f t e r  800 Hours Exposure to C a v i t a t i o n  i n  Mercury a t  a 
Throat V e l o c i t y  of 34 feet / second,  for "Standard" Cav i ta t ion  
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FIGURE 15: Metallographic Cross - sec tbn  Through S t a i n l e s s  S t e e l  Pin Speci- 
men Wall, Magnification 50X 
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The above i n d i c a t i o n s  from a l abora to ry  dev ice  s t r o n g l y  

suppor t  t h e  s u p p o s i t i o n  t h a t  appa ren t ly  r e l a t i v e l y  minor changes 

i n  t h e  geometry or other c o n d i t i o n s  of a turbomachine can 

change c a v i t a t i o n  damage r a t e s  by o r d e r s  of magnitude. Further, 

it is i n d i c a t e d  t h a t  the  impos i t ion  of v o r t i c i t y  upon an other- 

w i s e  e s s e n t i a l l y  t r a n s l a t o r y  f low can i n c r e a s e  damage p o t e n t i a l  

tremendously.  T h i s  is suppor ted  by t h e  o b s e r v a t i o n  of rela- 

t i v e l y  very  high damage r a t e s  w i t h  t h e  p i n  specimens,  as w e l l  

a s  by t h e  apparent  i n c r e a s e  i n  damage when non-symmetries a r e  

in t roduced  i n t o  t h e  f l o w  as by t h e  v e n t u r i  roughness or t h e  

specimen o r i e n t a t i o n .  In a d d i t i o n ,  r e c e n t  tests on open- 

shrouded c e n t r i f u g a l  pumps i n d i c a t e s  t h a t  t h e  t r a i l i n g  v o r t i c e s  

f r o m  upstream b lades  p r e s e n t  a much more s e v e r e l y  damaging f l o w  

t h a n  the  r e l a t i v e l y  t r a n s l a t o r y  f l o w  around t h e  b l ade  l e a d i n g  

edges . 8 

E. - - - - a 2  r A u A u  * r -1 - -4+v V C ~ ~ ~ ~ ~ ~  F f f e C t f i  -__- 
S e v e r a l  p rev ious  i n v e s t i g a t i o n s  of v e l o c i t y  effects upon 

c a v i t a t i o n  damage have shown t h a t  i t  i n c r e a s e s  very  r a p i d l y  

w i t h  v e l o c i t y ,  approximately a s  t h e  s i x t h  power of t h e  velo- 

c i t y  increment above a " threshold  v e l o c i t y "  below which no dam- 

age occurs . Though no t h e o r e t i c a l  j u s t i f i c a t i o n  is a v a i l -  
3 

able, t h i s  approximate r e l a t i o n s h i p  h a s  been roughly confirmed 

i n  s e v e r a l  d i f f e r e n t  t y p e s  of f a c i l i t i e s :  

3 
1. C a v i t a t i o n  upon an ogive i n  a water  t u n n e l  
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2. Liquid j e t  impinging upon r o t a t i n g  test  specimens 21' 

3. R o t a t i n g  disc w i t h  through-holes a s  c a v i t a t i o n  in-  
duce r s  19 ,20  

4. C a v i t a t i o n  behind a p i n  t r a n s v e r s e  t o  f l o w  i n  a 

7 18 water  t u n n e l  9 

Our o b s e r v a t i o n s  do not confirm t h e  e x i s t e n c e  of a t r u e  

t h r e s h o l d  v e l o c i t y ,  w i t h i n  t h e  v e l o c i t y  r anges  for which cavi -  

t a t i o n  can be a t t a i n e d  i n  our f a c i l i t y .  We feel t h a t  t h e  ap- 

pearance of such a l i m i t i n g  v e l o c i t y  is t o  some e x t e n t  a func- 

t i o n  of t h e  p r e c i s i o n  of damage obse rva t ion ,  i .e. ,  t h e  more 

p r e c i s e  t h e  obse rva t ion  t h e  lower t h e  threshold  v e l o c i t y  would 

appear  to  be. I f ,  f o r  a g iven  experiment,  a lower th re sho ld  

v e l o c i t y  is assumed, t h e  power t o  which t h e  v e l o c i t y  increment 

above t h a t  t h r e s h o l d  must be raised t o  f i t  t h e  exper imenta l  

d a t a  (which is u s u a l l y  a t  best a rough f i t ) ,  a l s o  becomes lower. 

In  our  tests, t h e  v e l o c i t y  exponent, d e f i n e d  a s  above and 

based on t h r o a t  v e l o c i t y  w i t h  a e r o  threshold  v e l o c i t y ,  depends 

on t h e  "degree of c a v i t a t i o n " ,  s i n c e  t h i s  a f f e c t s  t h e  s t a t i c  

p r e s s u r e  prof i le  i n  t h e  v i c i n i t y  of t h e  test specimens. The 

exponent t h e n  v a r i e s  from about  z e r o  (or less) t o  5 for  some 

tests. In many c a s e s  t h e  exponent v a r i e s  widely ove r  t h e  range 

tested. Fig.  16 shows t y p i c a l  r e s u l t s  f o r  mercury . The "Ca- 
6 

* The fact  t h a t  damage f r o m  an impinging j e t  and from c a v i t a t i o n  
is a f f e c t e d  i n  a manner s i m i l a r  t o  c a v i t a t i o n  damage by velo-  
c i t y ,  a s  w e l l  a s  t h e  s i m i l a r  appearance of t h e  p i t t i n g ,  has  
been t aken  a s  an i n d i c a t i o n  t h a t  t h e  damaging mechanisms may 
be t h e  same. 

i 
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v i t a t i o n  cond i t ions"  l i s ted  i n  the  legend a r e  i n  i n c r e a s i n g  

o r d e r  of  e x t e n t  of c a v i t a t i n g  r eg ion .  

We have exp la ined  t h i s  behavior  i n  t h e  fo l lowing  manner. 

For t h e  well-developed c a v i t a t i o n  c o n d i t i o n s ,  t h e  e n t i r e  dam- 

age specimen sees e s s e n t i a l l y  vapor p r e s s u r e  a t  a l l  v e l o c i t i e s ,  

and hence t h e  c o l l a p s e  v io l ence  is not  a s u b s t a n t i a l  f u n c t i o n  

of  f l u i d  v e l o c i t y ,  l ead ing  t o  t h e  e s s e n t i a l l y  zero damage ex- 

ponent observed i n  t h e s e  c a s e s .  For c a s e s  where t h e  c a v i t a t -  

ing  r e g i o n  t e r m i n a t e s  w e l l  forward on t h e  specimens, t h e  pres-  

s u r e  a long  t h e  remainder of t h e  specimen is s u b s t a n t i a l l y  above 

vapor p r e s s u r e  by v i r t u e  of t h e  v e n t u r i  d i f f u s e r .  The s t a t i c  

p r e s s u r e ,  then ,  over  p a r t  of  t h e  specimen is s u b s t a n t i a l l y  

above vapor p r e s s u r e  by v i r t u e  of t h e  v e n t u r i  d i f f u s e r .  The 

s t a t i c  p r e s s u r e ,  then ,  over  p a r t  o f  t h e  specimen, is s t r o n g l y  

a f u n c t i o n  of  f l u i d  v e l o c i t y  i n  these l a t t e r  c a s e s ,  l ead ing  

t o  t h e  h i g h e r  exponents which a r e  observed.  F ig .  17 shows a 

damage specimen exposed t o  t h i s  t y p e  of flow. The d i s t r i b u t i o n  

and size of p i t s  a r e  c o n s i s t e n t  wi th  t h e  above e x p l a n a t i o n .  

They show a l a r g e  number of smal l  p i t s  i n  t h e  r e g i o n s  exposed 

t o  low s t a t i c  p r e s s u r e ,  and a sma l l e r  number of l a r g e r  p i t s  i n  

t h e  r e g i o n  f u r t h e r  downstream w h e r e  t h e  p r e s s u r e  is h i g h e r ,  i .  

e . ,  t h e  d r i v i n g  p r e s s u r e  f o r  c o l l a p s e  is g r e a t e r  and only  t h e  

l a r g e r  bubbles  p e n e t r a t e  t h e  high p r e s s u r e  r eg ion ,  t h u s  caus- 

i n g  fewer,  l a r g e r  p i t s .  

F. P r e s t r e s s i n g  E f f e c t s  

S ince  c a v i t a t i o n - e r o s i o n  involves  i n  many c a s e s  a pre- 
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FIGURE 17. CAVITATED SURFACE O F  STAINLESS STEEL SAMPLE NUMBER 71-3 FOR "STANDARD" 
CAVITATION IN MERCURY A T  A THROAT VELOCITY O F  34 FEETISECOND. Magnification 37.5X. 

(a) 6 hours  duration, (b) 10 hours duration. 
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dominently mechanical a t t a c k ,  it is l o g i c a l  t o  suppose t h a t  

t h e  r a t e  of damage w i l l  be a f f e c t e d  by t h e  stress regime e x i s t -  

i ng  i n  t h e  s t r u c t u r a l  m e m b e r  p r i o r  t o  a t t a c k .  This is a prac-  

t i c a l  c o n s i d e r a t i o n  because s u b s t a n t i a l  stress l e v e l s  may w e l l  

e x i s t  i n  many f lu id - f low components, and because it  may be pos- 

s ib le  t o  i n h i b i t  or  enhance c a v i t a t i o n  damage by a s u i t a b l e  pre- 

s t r e s s i n g  of t h e  s u r f a c e .  

Fig.  18 shows t h e  presumed s t a t e  of stress around a cav i -  

t a t i o n  c r a t e r ,  i nc lud ing  zones of both t e n s i l e  and compressive 

loading .  Assuming as a first approximation t h e  maximum s h e a r  

stress f a i l u r e  mode, t h e  f a i l u r e  c r i t e r i o n  becomes t h e  maximum 

a b s o l u t e  magnitude of t h e  d i f f e r e n c e  between p r i n c i p a l  stresses. 

As i n d i c a t e d  in Fig .  18, t h e  l i k e l i h o o d  of f a i l u r e  under cavi -  

t a t i o n  a t t a c k ,  i f  i t  occur s  due t o  e x c e s s i v e  t e n s i l e  load (around 

t h e  c r a t e r  r im) w i l l  be inc reased  by impos i t ion  of a u n i a x i a l  

compressive load ;  v ice-versa  i f  t he  f a i l u r e  is due t o  excess  

compressive load  ( i n  t h e  c e n t e r  of the  crater). Hencej cavi -  

t a t i o n  t e s t i n g  of p r e s t r e s s e d  specimens could  shed l i g h t  on 

t h e  f a i l u r e  mechanism. 

A pre l imina ry  series of tests of s t a i n l e s s  steel s p e c i -  

mens under vary ing  degrees of t e n s i l e  load (ranging up t o  1.3 

x t h e  y i e l d  s t r e n g t h )  has  been completed. 22 

were t h i n  p l a t e s  he ld  a c r o s s  t h e  v e n t u r i  i n  t h e  l o c a t i o n  of t h e  

convent iona l  specimens, and loaded by an e x t e r n a l  clamp. They 

were so designed t h a t  they  could be p u l l e d  i n  a t e n s i l e  machine 

a t  t h e  completion of t h e  c a v i t a t i o n  t e s t ,  so t h a t  effects upon 

The specimens 
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t h e  s t r e s s - s t r a i n  curve could be measured. 

The fo l lowing  r e s u l t s  w e r e  ob ta ined  from t h e s e  p re l imina ry  

tests: 

1. The effect  of t h e  a p p l i e d  t e n s i l e  s t r e n g t h  on c a v i t a t i o n  

damage r a t e  was s m a l l ,  al though t h e  damage was inc reased  

s l i g h t l y  by t h e  larger app l i ed  stresses (about 8 % ) .  

2.  The a p p l i e d  t e n s i l e  stress i n  combination with c a v i t a t i o n  

caused a decrease i n  u l t i m a t e  s t r e n g t h  which became more 

s u b s t a n t i a l  a s  t h e  a p p l i e d  stress was inc reased  (much 

more r a p i d l y  than  an  e s t i m a t e  based on mean depth of  pene- 

t r a t i o n  would i n d i c a t e ) .  The e f f e c t  is shown i n  F ig .  19 

There t h e  c o r r e c t i o n  t o  t h e  s t r e n g t h s  f o r  changes i n  dam- 

age a r e  n e g l i g i b l e .  Also as  shown i n  F ig .  19, t h e  y i e l d  

s t r e n g t h  decreased  a f t e r  c a v i t a t i o n  f o r  r e l a t i v e l y  moder- 

a t e  a p p l i e d  loads ,  but increased  f o r  a p p l i e d  loads  above 

t h e  p r e p o r t i o n a l  l i m i t ,  no doubt due t o  cold-work caused 

59 the applied l 9ads .  

3. The e f f e c t  upon y i e l d  and u l t i m a t e  s t r e n g t h s  of a measured 

mean depth of  p e n e t r a t i o n  due t o  c a v i t a t i o n  a t t a c k  has  

been measured, and found ( fo r  t h e  u n s t r e s s e d  specimens) t o  

ag ree  approximately with an e s t i m a t i o n  based on a c t u a l  

l o c a l i z e d  depth of p e n e t r a t i o n  a s  measured from a micro- 

s e c t i o n .  An e s t i m a t e  based on mean depth of p e n e t r a t i o n  

would, a s  assumed, s e r i o u s l y  underes t imate  t h e  a c t u a l  

weakening of t h e  specimen. The inc reased  loss  of u l t i m a t e  

s t r e n g t h  f o r  t h e  specimens c a v i t a t e d  under an a p p l i e d  
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load (and f o r  t h e  y i e l d  s t r e n g t h  a l s o  f o r  a p p l i e d  loads  

below t h e  p r o p o r t i o n a l  l i m i t ) ,  above and beyond t h a t  

estimated from depth  of p e n e t r a t i o n ,  is thought  perhaps 

t o  be due t o  t h e  inc reased  growth of microcracks  under 

t h e  a p p l i e d  load.  Th i s  hypothes is  h a s  not  y e t  been sub- 

s t a n t i a t e d  by a c t u a l  examination of t h e  specimens. 

4 .  No c reep  of t h e  specimens under c a v i t a t i o n  a t t a c k  was 

found even for  t h e  maximum app l i ed  load. 

I t  is planned t o  conduct a f u r t h e r  series of tests w i t h  

specimens designed for e i t h e r  compressive o r  t e n s i l e  loads, 

s i n c e  i t  is p o s s i b l e  t h a t  some i n h i b i t i o n  of  c a v i t a t i o n  damage 

may be achieved by an a p p l i e d  compressive load ,  and t h a t  some 

informat ion  on t h e  a c t u a l  damage mechanism may be gained.  

It  is p o s s i b l e  t h a t  s u r f a c e  t r e a t m e n t s  t o  induce compres- 

s i o n  normal t o  t h e  s u r f a c e  might be found e f f e c t i v e  i n  reduc- 

i n g  damage, and i t  is hoped t o  i n v e s t i g a t e  t h i s  e f f e c t  a l s o .  

€I. Mater ia l -F lu id  P rope r ty  Damage C o r r e l a t i o n s  

A major o b j e c t i v e  of c a v i t a t i o n  damage r e s e a r c h  is c e r t a i n -  

l y  t h e  de t e rmina t ion  of a grouping of m a t e r i a l ,  f l u i d ,  and f l o w -  

parameters  which could  be used t o  correlate c a v i t a t i o n  damage 

and hence al low its a p r i o r i  p r e d i c t i o n .  For t h e  p r e s e n t ,  t h i s  

o b j e c t i v e  appears  t o  u s  u n a t t a i n a b l e  i n  t h e  completely g e n e r a l  

case. Hence, c e r t a i n  l i m i t i n g  assumptions must be made, a s ,  

e.g.: 
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Cons ide ra t ion  is l i m i t e d  t o  a s i n g l e  t y p e  of c a v i t a t i n g  

f l o w  regime, w i t h  a s i n g l e  f l u i d  under f i x e d  c o n d i t i o n s ,  

on ly  mechanical damage effects a r e  s i g n i f i c a n t  (an 

e q u a l l y  permissible a l t e r n a t i v e  assumption fo r  c e r t a i n  

c a s e s  would be t h a t  only chemical effects were s i g n i f i -  

c a n t .  However, t h e  first assumption is more a p p l i c a b l e  

t o  o u r  v e n t u r i  tests). 

C o r r e l a t i o n s  w i t h  v a r i o u s  s i n g l e  p r o p e r t i e s  as t e n s i l e  

s t r e n g t h ,  s u r f a c e  hardness ,  y i e l d  s t r e n g t h ,  endurance l i m i t ,  

e tc.  have been sugges ted  by numerous i n v e s t i g a t o r s  i n  t h e  

p a s t  23,24,25, e * g *  and more r e c e n t l y  a p o s s i b l e  c o r r e l a t i o n  

w i t h  s t r a i n  energy t o  f a i l u r e  has  been emphasized 
26,27 

Since t h e  p i t s  w e  have observed appear  t o  o r i g i n a t e  from 

t w o  competing mechanisms, i .e. ,  single-blow c r a t e r i n g  and 

f a t i g u e  f a i l u r e ,  it is no t  reasonable  t o  expec t  precise cor- 

r e l a t i o n s  a g a i n s t  a s i n g l e  mechanical p r o p e r t y  t o  be possible. 

While s t r a i n  energy t o  f a i l u r e  may conceivably be predominant 

i n  determining resistence t o  loss of m a t e r i a l  from c r a t e r -  

t ype  p i t s ,  r e s i s t e n c e  t o  f a t i g u e  f a i l u r e  should  involve  such 

s t r e n g t h  p r o p e r t i e s  a s  the  endurance l i m i t ,  e.g. A very l a r g e  

number of blows which d i d  not c r e a t e  stresses g r e a t e r  than  

t h e  endurance l i m i t  would not cause f a i l u r e  or any permanent 

effect even though t h e  s t r a i n  energy was very  low. 

In our  p r e s e n t  op in ion ,  t h e r e  a r e  t w o  g e n e r a l  c a t e g o r i e s  

of mechanical properties which a r e  important i n  t h i s  c o n t e x t ,  
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i . e . ,  s t r e n g t h  p r o p e r t i e s  and energy p r o p e r t i e s .  The f irst  

ca t egory  i n c l u d e s  u l t i m a t e  s t r e n g t h ,  y i e l d  s t r e n g t h ,  hardness ,  

and endurance l i m i t ,  a l l  of which, t o  a first approximation,  

a r e  more or less p r o p o r t i o n a l ,  so t h a t  which of these is con- 

s i d e r e d  is no t  of pr imary importance.  The second ca t egory  in- 

c l u d e s  s t r a i n  energy to  f a i l u r e ,  impact r e s i s t e n c e ,  o r  d u c t i l i t y  

( i f  a s t r e n g t h  p rope r ty  is a l r eady  cons ide red ) .  Again, which 

is chosen is of. secondary importance.  

Both t y p e s  of p r o p e r t i e s  a r e  s i g n i f i c a n t l y  involved  i n  

most cases of c a v i t a t i o n  damage, so t h a t  an  i d e a l i z e d  m a t e r i a l  

o f  ve ry  h igh  s t r a i n  energy and l o w  s t r e n g t h ;  or conve r se ly  one 

of very  great  s t r e n g t h  bu t  low energy, would p r e s e n t  h i g h  resis- 

t e n c e  t o  c a v i t a t i o n  damage. 

For m a t e r i a l s  such t h a t  s t r a i n  energy i n c r e a s e s  w i t h  

s t r e n g t h  a n  i n c r e a s e  of e i ther  type  of p rope r ty  would r e s u l t  

i n  i n c r e a s e d  c a v i t a t i o n  r e s i s t e n c e .  S t a i n l e s s  s tee l s  and var -  

i o u s  r e f r a c t o r y  a l l o y s  which we have tes ted  srre ef t5fs type. 

On t h e  o t h e r  hand, for  some m a t e r i a l s ,  a s  s t r a i n  energy 

is i n c r e a s e d ,  s t r e n g t h  properties decrease .  Var ious  Cu-Zn-Ni 

a l l o y s  which w e  have tested a r e  of t h i s  t ype .  The r e s u l t s  of  

t h e s e  tests (Pig.  20 and 21) confirm these s u p p o s i t i o n s ,  and 

show t h a t  a " t rade-off"  between s t r e n g t h  and energy p r o p e r t i e s  

i n  terms of c a v i t a t i o n  r e s i s t e n c e  ex i s t s .  A s  no ted  from these 

f i g u r e s ,  t h e  c o r r e l a t i o n  is about e q u a l l y  good i n  terms of 

e i t h e r  t e n s i l e  s t r e n g t h  or s t r a i n  energy.  
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The preceeding d i s c u s s i o n  has neg lec t ed  f l u i d - m a t e r i a l  

coupl ing  e f fec ts ,  f l o w  geometry, degree  of  c a v i t a t i o n ,  e tc . ,  

a l l  of  which w e  know to  be important .  An i n t e r e s t i n g  example 

of a f l u i d - m a t e r i a l  coupl ing  is a f fo rded  by P l e x i g l a s ,  which 

w e  have found t o  be comparable to s t a i n l e s s  s tee l  i n  r e s i s t e n c e  

t o  c a v i t a t i o n  damage i n  water ,  but very  poor ly  r e s i s t e n t  a s  

compared t o  t h e  m e t a l l i c  m a t e r i a l s  tested, i n  mercury. A pos- 

s i b l e  e x p l a n a t i o n  l ies i n  its r e l a t i v e l y  high s t r e n g t h  but  very 

low e l a s t i c  modulus, a l lowing i t  t o  deflect s u f f i c i e n t l y  t o  re- 

duce ve ry  localized loads ,  a t  l e a s t  i n  some c a s e s ,  t o  a non- 

damaging l e v e l .  

I I I ,  CONCLUSIONS 

In g e n e r a l  it is still  not  p o s s i b l e  t o  p r e d i c t  c a v i t a t i o n  

damage t o  be expected i n  a pro to type  machine from l abora to ry  

tests. However, p r o g r e s s  is being made toward a t t a i n i n g  t h i s  

c a p a b i l i t y  by observ ing  and measuring i n  l a b o r a t o r y  se t -ups  

t h e  effects  due t o  d i f f e r e n t  s y s t e m  v a r i a t i o n s ,  and t h u s  ob- 

t a i n i n g  a f u l l e r  understanding of t h e  n a t u r e  of t h e  phenomenon 

t h a t  ex is t s  a t  p r e s e n t .  I t  has  become apparent  t h a t  r e l a t i v e -  

l y  minor changes i n  t h e  f l o w  s y s t e m  can c r e a t e  order of magni- 

t ude  changes i n  c a v i t a t i o n  damage r a t e s .  For t h i s  reason i t  

is necessary  t h a t  l a b o r a t o r y  t e s t s  model p ro to type  systems a s  

c l o s e l y  a s  p o s s i b l e .  
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